It has long been accepted that radiation-induced genetic effects require that DNA be hit and damaged directly by the radiation. Recently, evidence has accumulated that in cell populations exposed to low doses of ␣ particles, biological effects occur in a larger proportion of cells than are estimated to have been traversed by ␣ particles. The end points observed include chromosome aberrations, mutations and gene expression. The development of a fast single-cell microbeam now makes it possible to expose a precisely known proportion of cells in a population to exactly defined numbers of ␣ particles, and to assay for oncogenic transformation. The single-cell microbeam delivered no, one, two, four or eight ␣ particles through the nuclei of all or just 10% of C3H 10T½ cells. We show that (a) more cells can be inactivated than were actually traversed by ␣ particles and (b) when 10% of the cells on a dish are exposed to ␣ particles, the resulting frequency of induced transformation is not less than that observed when every cell on the dish is exposed to the same number of ␣ particles. These observations constitute evidence suggesting a bystander effect, i.e., that unirradiated cells are responding to damage induced in irradiated cells. This bystander effect in a biological system of relevance to carcinogenesis could have significant implications for risk estimation for low-dose radiation. ᭧
INTRODUCTION
It has been accepted dogma for over half a century that radiation-induced heritable damage required interaction of the radiation with DNA (1, 2) , either by direct ionization or by the production of hydroxyl radicals in water molecules close to the DNA. However, over the past decade, a number of reports have appeared describing ␣-particle ir- 1 Author to whom correspondence should be addressed at Center for Radiological Research, Columbia University, 630 West 168th Street, New York, NY 10032.
radiations in which a larger proportion of cells showed biological damage than were estimated to have been hit by the ␣ particles. This phenomenon, which has come to be known as the bystander effect, was first reported by Nagasawa and Little (3), who exposed cells to a low dose of ␣ particles; 30% of the cells showed an increase in sister chromatid exchanges even though less than 1% were calculated to have undergone a nuclear traversal. Since then, reports of apparently the same phenomenon have appeared with biological end points including cell killing, micronucleus induction, mutation induction, changes in gene expression, increases in intracellular oxygen species, and increases in cell growth (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
We report here a bystander experiment with two important features:
1. An in vitro oncogenic transformation system was used which is more pertinent to radiation carcinogenesis in vivo. 2. The use of the Columbia single-cell microbeam facility has made it possible to define precisely what proportion of cells are traversed by an exactly defined number of ␣ particles, rather than relying on estimates of probabilities.
Several groups have developed single-cell microbeams, in which cells on a dish are irradiated individually by a predefined exact number of ␣ particles, allowing the effects of individual particle traversals to be assessed (17) (18) (19) (20) (21) . However, earlier microbeam irradiation systems were too slow to allow measurement of oncogenic transformation frequencies, because the low probabilities of transformation require that many cells (Ն10 5 ) be irradiated individually. Specifically, the overall cellular throughput for the microbeam experiments described here was around 10 4 cells per hour, two orders of magnitude faster than earlier microbeam system throughputs. This increased microbeam throughput, made possible by developments in both hardware and software (17) , now permits sufficient numbers of cells to be irradiated to assay quantitatively for in vitro oncogenic transformation.
The goal of this study was to compare induced oncogenic 
FIG. 2.
Detail of C3H 10T½ cells from the automated microbeam image analysis system. Cells were stained with extremely low concentrations of the vital nuclear dye Hoechst 33342. The dish was moved under computer control, such that the centroid of every nucleus or every tenth nucleus (marked by the image analysis system as crosses) was sequentially situated under the microbeam for irradiation. For illustrative purposes, two unusually close cells that were also stained with fluorescent tetramethylrhodamine, which is preferentially taken up in the cytoplasm, are pictured. Scale bar represents 7 m, illustrating the overall spatial precision of the ␣-particle microbeam of Ϯ3.5 m.
transformation frequencies in populations of cells, sparsely plated on dishes, in which (a) all cell nuclei were hit with precisely defined numbers of ␣ particles, and (b) only a small proportion of the population was hit with the same numbers of ␣ particles, while the rest received no direct radiation exposure.
MATERIALS AND METHODS
C3H 10T½ cells, which can be assayed quantitatively for oncogenic transformation (22) , were used in this study. Transformed foci can be identified by their altered morphology, and prior studies have shown that such transformed cells produce malignant fibrosarcomas in immune-suppressed animals (23) .
Microbeam Irradiation
A schematic of the Columbia microbeam system is shown in Fig. 1 , and the irradiation procedure has been described in detail elsewhere (17, 18) . Briefly, the cells were attached at low density to the thin bases (3.8 m polypropylene) of 6.3-mm-diameter mini-wells. The average stopping power of the ␣ particles traversing the cells was 90 keV/m. Individual nuclei (including mitotic cell nuclei) were identified and located with an optical image analysis system. For each dish, a computer/microscopebased image analysis system first automatically located the positions of all the cells and their nuclei on the dish (see Fig. 2 ). Next, the dish was moved under computer control such that the first cell nucleus was positioned over a highly collimated ␣-particle beam. The beam shutter was opened until the required number of ␣ particles were detected (with a solid-state detector located above the cell) to have passed through the nucleus. In the present study, 5.3 MeV ␣ particles accelerated by a Van de Graaff accelerator were used for the irradiations. The shutter was then closed, and the next cell was moved under the beam. The overall spatial precision of the beam, including positioning and beam spread, was about Ϯ3.5 m, which may be compared with the measured (24) average nuclear cross-sectional area of the cells of about 200 m 2 . Parallel experiments were performed in which every cell on the dish was irradiated with the same, defined numbers of ␣ particles, and also in which cells were sham-irradiated-i.e., handled in an identical fashion except that the beam shutter was not opened.
The search-and-irradiate software can be instructed to expose any given proportion of the cells, selected at random, to any desired number of ␣ particles. In this case, 10% or 100% of the cells were exposed to defined numbers of ␣ particles through the nucleus.
Cell Culture
Before irradiation, C3H 10T½ mouse fibroblast cells from passages 10-12 were grown in Eagle's basal medium supplemented with fetal bovine serum with added iron and gentamicin. Twenty-four hours before exposure, 800-1600 exponentially growing cells were plated into the center of each of a series of 6.3-mm-diameter mini-wells. The attached cells were stained for 0.5 h with an extremely low concentration (50 nM) of the vital nuclear dye Hoechst 33342, enabling individual nuclei to be identified and located (see Fig. 2 ) with the optical image analysis system (17) . Prior to irradiation, cells were washed with serum-free medium to avoid fluorescence from serum components. Irradiations were carried in the presence of a thin film of serum-free medium surrounding the cells.
After irradiation, the cells were trypsinized from the irradiation container (recovery rates were ϳ70%) and replated at a low density of about 300 viable cells per dish (25) into 100-mm culture dishes. The cells were incubated for 7 weeks with fresh culture medium every 12 days before being fixed and stained to identify morphologically transformed type II and III foci, as described elsewhere (22) .
In parallel, dishes were plated with about 30 viable cells that had been subjected to exactly the same conditions and were incubated for 2 weeks, after which the colonies were stained to determine plating efficiencies and surviving fractions of the control and irradiated cells.
Data analysis and estimation of confidence interval were performed using standard techniques (26) for a Poisson-distributed number of transformed cells, with two-sided comparisons made using Fisher's exact test (27) . 
FIG. 3.
Surviving fraction of cells resulting from nuclear traversals by 5.3 MeV ␣ particles. Triangles represent to exposure of all cell nuclei on each dish to exact numbers of ␣-particle traversals using the microbeam system. Circles represent exposure of 1 in 10 cell nuclei on each dish to exact numbers of ␣ particles; the dashed line indicates the 90% survival level-results of experiments using the 1-in-10 irradiation protocol that exhibit surviving fractions below this level reflect direct evidence of a bystander effect.
RESULTS
The results are shown in Table 1 and Figs. 3 and 4 . With regard to clonogenic survival, irradiation of 10% of the cells with large numbers of ␣ particles (eight or more) resulted in clonogenic survivals of slightly, though significantly, less than 90%, using a 2 test (28) . In other words, some cells were inactivated whose nuclei had not been traversed by ␣ particles.
With regard to oncogenic transformation, when only 10% of the cells were exposed to exactly two or to more than two ␣ particles, the resulting frequencies of induced oncogenic transformation were statistically indistinguishable from those induced when all of the cells were irradiated with the same number of ␣ particles.
In our initial set of experiments (closed circles in Fig.  4 ), when 10% of the population was exposed to exactly one ␣ particle, the rate of induced oncogenic transformation was significantly greater than that observed when all the cells were exposed to exactly one ␣ particle. We subsequently performed two repeats of the part of the experiment in which 10% of the cells were exposed to exactly one ␣ particle, which did not produce such enhanced effects, although no internal controls were assessed for these repeats. Based on a standard test for homogeneity between data sets (29), we were not able to pool the results of the later experiments with those of the original experiment, although these results and the combined results are shown for illustrative purposes in Fig. 4 and Table 1 . The combined result suggests a possible increased transformation frequency of perhaps around a factor of two for the case when 10% of the cells were exposed to one ␣ particle, compared to the case where 100% of the cells were exposed to one ␣ particle; no statistical comparisons are possible for the combined results, however.
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FIG. 4. Yield of oncogenically transformed cells per 10
4 surviving C3H 10T½ cells produced by nuclear traversals by 5.3 MeV ␣ particles. Triangles represent to exposure of all cell nuclei on each dish to exact numbers of ␣ particles, using the microbeam system. Solid circles represent exposure of 1 in 10 cell nuclei on each dish to exact numbers of ␣ particles. Open squares represent subsequent repeats of the experiment in which 1 in 10 cell nuclei were exposed to exactly one ␣ particle. Open circle represents combined data for all the experiments in which 1 in 10 cell nuclei were exposed to one ␣ particle including these repeat experiments (with caveats described in the text). Standard errors (Ϯ1 SD) were estimated assuming an underlying Poisson-distributed number of transformed cells (26) .
DISCUSSION
The observations discussed here are that (a) more cells can be inactivated by ␣ particles than were actually traversed by ␣ particles, (b) when 10% of the cells on a dish are exposed to two or more ␣ particles, the resulting frequency of induced oncogenic transformation is indistinguishable from that when all the cells on the dish are exposed to the same number of ␣ particles, and (c) there is a suggestion that, when 10% of the cells on a dish are exposed to exactly one ␣ particle, the resulting frequency of induced oncogenic transformation could be greater than when every cell on the dish is exposed to exactly one ␣ particle.
It is important to note that, while the C3H 10T½ cell system was chosen because the ease of quantification of results, the evaluations described here, particularly for fluences of one ␣ particle per nucleus, are close to the lower limit for quantification.
Nevertheless, these observations provide evidence for a bystander effect, i.e., that unirradiated cells are responding to damage induced in irradiated cells. It should be noted that the cells were exposed at a low density, with essentially no overlap, and with typical nearest-neighbor separations of tens of micrometers. Other experiments (data not shown) in which transformations in C3H 10T½ cells were scored indicate that the nuclei of cells must be traversed for a bystander effect to be observed; ␣-particle traversals of cellular cytoplasm and medium do not produce this large effect.
If the results for in vitro oncogenic transformation are applicable in vivo, they could have significant consequences in terms of extrapolation of radiation risk to low doses, implying that the relevant target for radiation oncogenesis is larger than an individual cell, and that the risk of carcinogenesis would increase more slowly, if at all, at intermediate doses-an effect seen in vivo (30, 31) as well as epidemiologically (32, 33) . Thus a simple linear extrapolation of radiation risk from intermediate doses (where they can be measured) to lower doses (where they must be inferred) would be of questionable validity, at least at high LET.
It is important to note that these results were obtained with a mouse fibroblast model system, since no quantitative oncogenic transformation system based on normal human cells has been developed. Caution must be used in applying conclusions drawn from such data to cancer risks in humans. However, this highly quantitative model system has reliably predicted epidemiologically observed trends of radiation-induced carcinogenesis in humans in the past (34, 35) .
Taken together, the observations discussed here provide evidence for a bystander effect and a framework to guide the quantitative modeling of bystander effects. The companion paper (36) suggests a quantitative model that is consistent with these results and discusses potential implications for risk assessment.
